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INTRODUCTION 
The inspection of civil structures, such as bridge decks, roadways and masonry 
is becoming an increasingly important area for the application of NDE methodologies. 
A variety of methods have been used for detecting flaws, cracks and voids as well as 
locating structural features such as reinforcing bars and tensioning cables. The large 
size of civil structures necessitates the use of an NDE technique that is capable of 
rapid inspection of large areas with good penetration. A candidate approach for such 
inspection is the microwave NDT method. Microwave energy penetrates dielectric 
materials such as those encountered in civil structures and consequently inspection 
can be accomplished using noncontact devices mounted on a fast scanning 
mechanism. The paper presents a numerical model for simulating electromagnetic 
scattering from two and three dimensional objects embedded in large structures. Such 
models are useful in the design and development of systems required for microwave 
imaging of civil structures. 
In this paper, civil structures are modeled as multilayered media, and the 
presence of a crack or a reinforcement in the structure is represented by an embedded 
object within the multilayered media. Two techniques, one using a differential 
equation formulation and the other using an integral equation formulation, are 
presented for modeling an embedded scatterer. The scattered field is obtained by first 
computing the equivalent current sources corresponding to the scatterer discretization 
elements. A transmission line model is then used for propagating the waves of the 
equivalent sources in the multilayered media. 
COMPUTATIONAL TECHNIQUES 
There are two major approaches for formulating scattering problems, namely, 
the differential equation approach and the integral equation approach. The differences 
between these two approaches lie in the choice of the problem unknowns and hence 
the domain of the solution. This, in turn, is reflected in the computing resources 
required for solving the problem. A survey of numerical methods used for field 
calculations is found in [1, 2]. 
In the differential equation approach, the formulation is in terms of the fields 
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which are defined over the whole space. The advantage of this approach lies essentially 
in its low storage requirements. This advantage is however counteracted by the need 
for a large solution domain, particularly in applications governed by wave equations 
where the Sommerfeld radiation condition has to be satisfied at the infinite boundary. 
A commonly used numerical method in the differential equation approach is the 
finite element method which reduces the problem to solving a system of equations. 
The matrix is symmetric and banded, thereby minimizing the storage requirements. 
Reducing the solution domain, however, is important, because of the nonlinear 
dependence of storage requirements and execution time on problem complexity. This 
problem becomes more serious as the size of the global matrix becomes very large and 
cannot be stored in the main storage of the computer. Off-core solution methods have 
to be employed, in which case the solution time becomes affected by several factors 
such as, the type of the secondary storage, the physical distance between the 
processor and the storage device, the traffic rate in the computer network, etc. 
The integral equation formulation is based on the moment method. The 
unknowns, mostly electric and magnetic currents, are restricted to a small domain of 
the source, such as the surface or the volume of a scatterer. However, the formulation 
leads to a linear system of equations characterized by a dense matrix. In most 
realistic applications the required number of discretization elements is usually high, 
which results in large storage requirements. 
A solution to the problem of large solution domain, required in the differential 
equation approach in scattering problems in general, is to use absorbing boundary 
conditions [3]. However, this technique requires a homogeneous medium external to 
the scatterer, which is not always the case. One solution is to use hybrid methods, to 
transform the original problem into multiple problems of smaller size. The use of 
hybrid methods not only decreases the size of a big problem, but also reduces infinite 
size domains to a finite size that can be dealt with numerically. 
This paper presents two techniques, the first of which employs the differential 
approach using a hybrid technique, where a finite segment of the domain is discretized 
and coupled to the exterior infinite space. The second technique, which uses the 
integral equation approach, uses a novel method for minimizing storage requirements. 
FINITE ELEMENT HYBRID MODEL FOR 2D GEOMETRIES 
The hybrid finite element method for solving scattering problems involves 
dividing the space into two regions. The scatterer is enclosed by a hypothetical 
surface. The region interior to the surface is modeled using finite element analysis 
techniques for determining the equivalent sources representing the scatterer. 
In this formulation, the problem domain is divided into interior and exterior 
regions using an arbitrary cylindrical surface enclosing the 2D object. In the exterior 
region, the field is expressed in terms of the incident field 'ljJinc and scattered field 'ljJs, 
where the scattered field is represented as a weighted sum of orthogonal basis 
functions Bn 
N 
'ljJS(p, </J) = L AnBn(P, </J) (1) 
n=-N 
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An appropriate choice of basis functions is the Hankel function, as shown in 
[4, 5], for electromagnetic scattering in free space. The free space basis functions B~ 
are given as 
(2) 
For a scatterer embedded in the Mth layer of multilayered media, the effect of 
the multilayered media can be incorporated into the basis functions Bn as 
Bn = B~ + 1: RM()..)iJ~e-UMZe-j).Xd)" 
where the reflection coefficient RM is obtained using transmission line analysis 
methods [6], B~ is given in (2), and 
iJ~ = 1: Bn(x, zM)ej).Xdx 
(3) 
In the interior region, the field is represented in terms of basis components An 
corresponding to orthogonal set 'lj;n relating to the surface value of the field. The finite 
element method is used to model the interior region to obtain the solution of An 
corresponding to each 'lj;n [5]. 
In the above 2D formulation, the unknown function is the axial field component 
which is continuous. However, in 3D problems, the normal components of the electric 
or magnetic fields have a discontinuity at the interface between the two materials. A 
second difficulty that arises in 3D problems is the possible occurrence of spurious 
modes that contaminate the true solution. Spurious modes are nonphysical solutions 
which are not divergence-free [7]. The following section describes an integral equation 
approach for 3D problems. 
APPLICATION OF INTEGRAL MOMENT METHOD WITH REDUCED 
STORAGE 
The volume integral equation approach is a general tool that can be used for 
modeling inhomogeneous or anisotropic objects, in contrast to other approaches based 
on the surface integral or T-matrix methods. A scatterer V is replaced by its 
equivalent electric and magnetic currents so that the scattered field can be expressed 
as 
E S = -jw fv flGe.J..eqdv' - iv Gm.Jm,eqdv' 
where Ge is the electric dyadic Green's function, and Gm is the magnetic dyadic 
Green's function. 
(4) 
For an object with free space permeability, the scattered field E S is related only 
to equivalent current J..eq. Representing the scattered field in (4) in terms of the total 
field E and the incident field, we get 
jWfl fv G.J..eqdv' + E = £line 
The dyadic Green's function G can be expressed as [8] 
1 
G = (I + p"J\l)g 
(5) 
(6) 
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where I is the unit dyad, and 9 is the scalar Green's function. 
The second term of G in (6) has 1/ R3 singularity. Several approaches can be 
used to deal with this singularity [9, 10]. Expressing the total field E in terms of Jeq , 
equation (5) is rewritten in terms of the equivalent current Lq as the unknown. The 
unknown Lq is then discretized using the moment method. The scatterer is divided 
into N volume elements using a set of N pulse basis functions, and equation (5) is 
rewritten in matrix form as 
[Z],[ + [DJ,l = E inc (7) 
where the current vector ,[ consists of elements J3i = Jeqx(r..;), J3i+1 = Jeqy(r.;), and 
J3i+2 = Jeqz (r.;) for element 1 < i < N. The point Li is located at the center of the ith 
element. Similarly, the right hand side vector consists of subvectors of the three 
components of the incident field at the measurement point Lj at the center of the jth 
element. The matrix Z consists of submatrices Zij, where 
(8) 
where Vi is the volume of the ith element. The submatrices Dij of matrix D are given 
as 
1 
Dij = Dij. [() ] I 
JW E L - Es 
where Dij is the Kronecker delta function, and Es is the permittivity of the material 
surrounding the object. 
(9) 
The first term in (5) is in convolution form, and since, the elements of the 
matrix [Z] in (7) depend only on the difference between its two indices rather than 
their absolute value. This suggests the application of an iterative solution with the 
use of Fast Fourier Transforms (FFT) in estimating the result of the matrix vector 
multiplication in each iteration. In this approach, a rectangular box is discretized 
uniformly in each of its three directions. An element that lies in the scatterer is given 
a material attribute corresponding to that of the scatterer. An element that lies 
outside the scatterer is given the material attribute of the surrounding medium, and 
its equivalent currents are zero. 
The discrete Fourier transform DFT is found for the three components of the 
unknown current sampled at the elements centers. Considering a three dimensional 
discretization of dimension L1 x L2 X L3 , the DFT of the x-component of current, Jx 
is defined as 
where Jx (n1' n2, n3) is zero padded such that it is equal to 0 in elements outside of the 
object, and equal to the sample of the x-component of the current at the center of 
each element n for n < N, as explained next. 
The Green's tensor consists of nine vectors whose elements are first formed and 
stored in the spatial domain and then replaced with their DFT values. However, due 
to symmetry, only six vectors corresponding to the 3-diagonal and 3-off-diagonal 
elements are stored. 
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Figure 1. One dimensional illustration of Green's function G and electric 
equivalent current J sampled at the centers of elements. 
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Figure 2. Repeated form of one dimensional Green's function G and current J. 
The DFT of the result vector is found by multiplying the stored values of the 
DFT of Green's tensor by the corresponding DFT values of the current calculated in 
each iteration. The result vector is found by calculating the inverse discrete Fourier 
transform of the three product vectors. 
Since the DFT of a non-periodic signal of length N is the same as that of a 
periodic signal with period N, the calculation of the convolution equations will be 
contaminated due to circular convolution, if the signals are not zero-padded. In order 
to avoid this type of error during convolution of two signals of length N1 and N2, the 
signals have to be zero padded to length N1 + N2 - 1 [11]. However, in the application 
under consideration, the unknown values of interest are at the centers of the elements, 
and the padding is required to extend only to twice the number of elements. Figure 1 
shows a one dimensional illustration of the current and Green's function. The result 
of convolution at the centers of the four elements of this problem is the same as that 
obtained using the periodic signal in Figure 2. 
In the implementation, six vectors Qmn, m :::; n of Green's tensor are formed 
where 
where 1'1 is the origin. 
(11) 
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The DFT is found using the FFT technique, and the results are used to replace 
the values of the Gmn vectors. The diagonal elements of Green's tensor have even 
symmetry while the off-diagonal elements possess odd-symmetry. This symmetry can 
be used to reduce the storage requirements to half. 
In the iterative solution scheme, the algorithm described above finds the result 
of the multiplication of the [Z] matrix with the unknown vector. The storage 
requirements for an N element problem is reduced from 9N2 for direct solution 
algorithms to 6N complex numbers. Furthermore, the required number of iterations is 
also reduced using the conjugate gradient method [8, 12]. 
SCATTERING FROM AN OBJECT EMBEDDED IN MULTILAYERED MEDIA 
After solving for equivalent currents of embedded object, the effect of 
multilayered media is modeled by decomposing the field due to equivalent line sources 
that represent a 2D scatterer or current dipoles representing a 3D scatterer into plane 
waves. The plane waves are propagated in the multilayered media using transmission 
line analysis methods. 
Secondary Green's function 
Assuming we have a dipole over multilayered media, we can obtain the 
secondary field by decomposing the primary spherical field using Sommerfeld's 
identity. Each component of the wave decomposition will have a different kz and a 
corresponding reflection coefficient from the multilayered media. Thus, the secondary 
Green's function will be an integration of all reflected waves corresponding to different 
kz or kp; these integrals are known as Sommerfeld integrals. Denoting kp by .\, we 
have an integration for all values of .\ [13]. 
Evaluating the integrals involved in the calculation of the secondary Green's 
function and the fields in different media is very crucial for solving problems relating 
to multilayered media. The difficulty of evaluating these integrals is related to the 
numerical instability due to the large oscillations of the integrand. Real axis 
integration can be performed with a mapping of the integrand [14], and integration 
can be done on a path that avoids poles and branch points [13, 15]. Asymptotic 
methods can be used for computing the field integrals at large distances from the 
equivalent sources [16]. 
SIMULATION RESULTS 
The 2D and 3D algorithms were implemented on a simple problem involving 
scattering from a cylinder and a spherical scatterer. A conducting cylinder of radius 
0.175.\ with axis in the y direction is embedded at a depth of 0.175.\ from the surface 
of a dielectric layer of relative permittivity fr = 4. The model is used to find the 
normalized current density on the cylinder surface for an incident T MY polarized 
plane wave normal to the surface of the layer. Figure 3 gives the amplitude of the 
normalized current density as function of the angle cp from the horizontal direction. 
Results are compared with those obtained using the bymoment method given in [17]. 
For the 3D problem, results of scattering from a sphere are compared with the 
exact solution given by Mie theory. Figure 4 shows results obtained using the model 
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Figure 3. 
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Figure 4. Comparison of the numerical and exact solutions of the bistatic radar 
cross section of a sphere. (a) E-plane (b) H -plane. 
for calculating the bistatic radar cross section of a dielectric sphere of permittivity 
2.105, normalized with respect to the radius a of the sphere. For an incident plane 
wave polarized in the x direction, the normalized E-plane and H-plane radar cross 
sections are given as ao(B,0)/7ra2 and ar/>(B,7r/2)/7ra2 , respectively, where the p 
component of the radar cross section ap(B, ¢) is defined as 
(B) . 2I ES (B,1>W 
ap ,¢ = hm47rR IE' 12 R---+oo tnc (12) 
CONCLUSIONS 
Scattering from objects embedded in multilayered media can be used to model 
scattering from objects embedded in large civil structures. The integral equation 
representation of the field in the layered media is approximated by a sum of plane 
waves, and the propagation of each of these plane waves in the multilayered media is 
obtained using a transmission line model. Hybrid differential methods and integral 
equation methods can be used for modeling the scatterer. 
In the hybrid differential approach, the problem is cast in terms of several 
smaller problems with low storage requirements. The integral equation formulation 
restricts the discretization to a finite source domain such as the surface or volume of a 
scatterer. However, the formulation leads to a linear system of equations characterized 
by a dense matrix. Efficient modeling techniques using conjugate gradient techniques 
and Fast Fourier transform ensure high computational efficiency. In addition, the use 
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of procedures for exploiting the symmetry minimize the storage requirements. 
The model formulation is based on first decomposing the incident field into its 
plane wave components. In the integral equation formulation, a secondary Green's 
function is included to account for the layered media. A variety of techniques for 
evaluating integrals with oscillating integrands are discussed. Work is currently 
underway to validate the model using experimental study involving measurements of 
fields scattered from voids and rebars embedded in concrete structures. The choice of 
permittivity values of concrete in the model depends on the operating frequency, 
water/cement ratio, type of aggregate, level of air entrapment and the cure state of 
the concrete [18, 19]. 
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